INTRODUCTION
In today's mechanized farming where excessive traffic occurs frequently, the loaded wheels of tractors and machineries make contact with a specific point on a soil several times in a single cropping season. It has been estimated that over 30% of ground area is trafficked by the tires of heavy machinery even in a genuine zero tillage system (one pass at sowing). Under minimum tillage (2 to 3 passes) the percentage is likely to exceed 60% and in conventional cropping (multiple passes) it would exceed 100 % during one cropping cycle (Kroulik et al. 2009 ).
In addition to the wheel ground contact pressure and absolute wheel load, the frequency of wheel passes throughout the life of the crop has a decisive effect on the degree of compaction and the depth to which wheel pressure affects the soil. Studies conducted by Etana and Håkansson (1994) and Arvidsson (2001) have confirmed that compaction by heavy machinery can lead to a compaction in the subsoil to a depth of at least 0.50 m. Since the utilization of heavy agricultural equipment may result in sub soil compaction of arable land soil, their indiscriminate use could be the cause of an agro-ecological problem, which necessitates correction.
Although compaction is regarded as the most serious environmental problem caused by mechanized agriculture (Raper and Kirby 2006) it is the most difficult type of degradation to locate and rationalize, principally as it may show no evident marks on the soil surface.
The effects of soil compaction on crops and soil properties are complex (Bailey et al. 1986 ) and bulk density becomes the most frequently used parameter to characterize the state of soil compactness. The objective of this study was to quantify and study the relationship between dry bulk density and compacting effort caused by vehicle wheels under repetitive trafficking.
TECHNICAL NOTE

MATERIALS AND METHODS
Experimental site and design
The experiment was carried out on Hawassa University farmland located at (7° 02' 50.63" N) and (38° 29' 54.13" E) in Hawassa, southern Ethiopia, and 1715 m above sea level. The area has a well-drained clay soil of volcanic ash origin (Andisols) with organic matter content varying from 0.56% (w/w) on the surface to 0.19% (w/w) at a depth of 0.90 m (Table1). The area (farmland) has been plowed once a year with mouldboard plow to a depth of 0.25 m. This plowing has been done continuously for the past 25 years for maize (Zea mays L.) plantation. The farm used rubber-wheeled agricultural machines for the primary and secondary tillage as well as big trucks to carry out the product to a storage facility.
The wheeling experimental design ( Fig. 1 ) was a splitsplit plot type full factorial design where soil moisture (two levels: wet and dry) was considered to be the whole plot factor and the number of passes (four levels: one pass, two passes, four passes, and eight passes) was considered to be the sub plot factor and axle weight (two levels: heavy and light) was considered as the sub-sub plot factor. The splitsplit plot arrangement taken ( Fig. 2 ) is specially suited for three factor experiments. One of the wheeling tests was done during a rainy period, where the soil moisture content was 21% (wet) and the other was conducted after the rainy period when the average moisture content of the soil was 16.5% (dry). The moisture content was measured by gravimetric method (oven drying technique). The experiment was done in three replications. Moisture content, number of passes, and axle loads are randomly assigned to the farm plots. In order to avoid interaction between the sub-sub plots, a minimum distance of 3m was kept between two sub-sub plots.
The statistical analysis was performed using the SPSS 16.0 program. The List Significant Difference (LSD) posthoc analysis was used to compare differences between group means of the dependent variable (dry bulk density). The soil response variable, dry bulk density was measured at different depths (0.10 m, 0.30 m, 0.60 m and 0.90 m) in four replicates for each depth immediately following the traffic treatments after 0 (control), 1, 2, 4, and 8 vehicle passes over the same track. In all experiments the vehicle speed was approximately one m/s and there was no hitch load attached to the vehicle. The truck movement pattern on the field is shown on Fig. 3 .
Wheeling machine properties
The weights on the front and rear axle and the wheel contact pressure of the vehicle used during the experiment when it is not loaded as well as when it is partially loaded with a payload of weight 49.541kN are shown in Table 2 . For both wheeling experiments (heavy weight and light weight) we have used the same rear wheel driven machinery ( Table 2) .
The average contact vertical stress between the tire and the ground surface was estimated as the weight (kN) on the axle divided by the tire-surface contact area of all wheels on the axle. The contact area between the tire and the ground was approximated as a rectangular shape and hence measurement of both dimensions (along and perpendicular to the vehicle motion) taken in the field under working conditions was enough to approximate the contact area.
RESULTS AND DISCUSSION The modified proctor test result on the soil at different profile showed that the maximum density of the soil at a layer [0 -0.50 m] was 1.48 × 103 kg/m3 and the optimum moisture content was 20% (Fig. 4) . Therefore, it is expected that agricultural traffic near this moisture content produces significant compaction or soil damage. The average dry bulk densities of the soil after wheeling by a heavy and light load at different number of passes and moisture contents of the soil are shown in Table 3 . The dry bulk densities of the soil at zero pass (control) increases (Table 3) with depth of the soil profile. This is partially attributed to the weight of the overlying soil, change of texture along the profile and compaction caused by traffic during earlier field operations.
For both light and heavy weight machinery treatment, until a depth of 0.30 m along the wet soil profile, the measured value of dry bulk density shows that there is a statistically significant difference (p < 0.05) compared to the non-trafficked (zero pass) soil. But on the dry soil and to the same depth of 0.30 m a minimum of two and four passes were required with the light and heavy machine respectively to obtain a statistically significant difference on dry bulk density compared to the non trafficked (zero pass) soil. This is directly attributed to the decrease in the susceptibility of soil for compaction, as it gets drier. Furthermore, for both weights (heavy and light) there is a strong positive relationship between number of passes and measured dry bulk density on the topsoil. This is similar to the result shown by (Smith and Dickson 1990) which confirms the direct relationship between wheel contact pressure and topsoil compaction. On the dry soil, the light machine could not produce a significant compaction in deeper layers (greater than 0.30 m), but on the wet soil the same machine was observed to produce a statistically significant difference in the dry bulk density at a depth of 0.60 m after two wheel passes. Beginning from 0.60 m depth, there is no statistically significant difference (p > 0.05) between the treatments obtained from light and heavy vehicle on both wet and dry soil.
The percentage increase in dry bulk density (Fig. 5 ) of the soil after wheeling with light and heavy vehicles decreases as the number of repeated wheel passes increases i.e. the greatest proportion of the compaction occurs on the first pass of the vehicle. This is in agreement with the results obtained by Etana and Håkansson (1994) . Furthermore, the percent-increase in dry bulk density of the soil caused by the wheel traffic decreases as we go deeper into the soil profile.
As shown in Fig. 6 , the dry bulk density of the soil along the profile did not show a step rise immediately beneath the topsoil indicating that no plow layer was formed as a result of previous year's agricultural operations. This indicates that although the area has been plowed with tractors weighing approximately 30 kN for decades, plow pan was not formed in the soil. CONCLUSION The results from the experiment indicate that the compaction obtained on a dry soil with the light machinery was insignificant. Significant compaction was mainly observed on the wet topsoil. But most of the fieldwork practice in the area is done during the rainy season on wet soils, when the soil is more susceptible to compaction. It has been also shown that no plow pan was observed in the soil profile. This could be attributed to the lightweight of the tractors used for farm operations during the past decades. Furthermore, the rapid growth of highly mechanized farms results in the introduction of farm machineries with heavier axle load working on wet soils. The common practice in the prevailing conventional farming systems is the use of uncontrolled traffic, but the introduction of heavy weight farm machinery in clay soils with low organic matter content augmented by field operations during the wet season necessitates the use of a controlled traffic system (separate the wheel and crop zone in the field), for sustainable soil management.
